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ABSTRACT 
CHEMISTRY 
HOLLEY, LEONARD B.S. ELIZABETH CITY STATE UNIVERSITY 
THE IDENTIFICATION OF ULTRA-VIOLET ABSORBERS IN RECOVERED 
GLYCOL AND THEIR EFFECTS ON POLYMER COLOR 
Advisor: Dr. Kofi Bimpong Bota 
Thesis dated December 1978 
This study was conducted to identify the ultra-violet (UV) 
absorbing impurities in recovered glycol, their methods of formation and 
effects on polymer color. The identification of the ultra-violet 
absorbing impurities was made by utilizing ultra-violet spectroscopic and 
gas chromatographic (GC) analytical techniques. Some supportive 
techniques, such as functional group analysis, were also used. The UV 
absorbing impurities in recovered glycol were found to be phenols, 
acetaldehyde and products of glycol side reactions. Degradation 
(hydrolysis and thermolysis) is the overriding color-producing factor 
where solid or liquid rework is involved. The prime contributors to 
degradation are: phenols (pH-lowering), acetaldehyde (glyco and PET- 
degradation), heavy metal content and oxygen. 
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INTRODUCTION 
Polyethylene terephthalate is a polyester produced by reacting 
ethylene glycol with terephthalic acid in a continuous polymerization 
system. In the first step of the process, esterification takes place. 
The second stage, the polymerization step, consists of subjecting the 
monomer to elevated temperatures at low pressures in the presence of a 
catalyst. Unreacted ethylene glycol (EG) is recovered, purified and 
recycled back into the continuous polymerization system. Solid waste 
(polymer) is also recycled back into the system. 
It is desirable to get the end product as white as possible. 
Off-color polymer or polymer yellowing can be caused by several factors. 
It is well known that recycling recovered glycol or solid polyethylene 
terephthalate waste causes polymer yellowness.^ There are two end-line 
polymer products: staple and filament. One line, called H-side, 
produces the staple product for which polymer color is not a major 
concern. Here various amounts of rework can be used. The solid polymer 
waste from the lines which utilize rework is called Hoffman Waste 
(rework). 
The filament product is obtained from the other end-line, called 
K-side. In this case, polymer yellowing can be a serious problem. 
Solid polymer waste from K-side in which rework is not utilized is 
called staple rework. 
The quantitative effects of recycling solid and liquid waste 
(recovered glycol) has been well documented but little is known about 
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the mechanisms involved. Polymer yellowness can be affected by 
impurities such as 4-carboxybenzaldehyde, chlorine, iron, lead and 
sulfur compounds, additives, degradation, moisture and pH. 
In this study, our objective was to identify the ultra-violet 
(UV) absorbing impurities in recovered glycol. These impurities are 
believed to be responsible for polymer yellowing. Their identification 
and methods of formation would enable reasonable proposals to be made 
for their eradication, thus alleviating the color problem at this plant. 
With this problem alleviated, increasing amounts of rework could be 
recycled into the system without a color shift. This would represent 
a large financial savings in raw material. 
Since increased UV absorbance in recovered glycol had been linked 
to polymer yellowness, some work was attempted at ridding the recovered 
glycol of these UV absorbing impurities. Only one trial or experiment 
was conducted with the unit responsible for removing impurities from 
recovered glycol before it is recycled. It proved to be mildly 
successful but was not economically feasible. 
POLYETHYLENE TEREPHTHALATE (PET) DEGRADATION 
Much attention was given to degradation because of its 
discoloring effects. The topics studied were photochemical degradation, 
thermal oxidative degradation, gel formation, crosslinking, vinyl 
formation and metal effects on degradation and discoloration. Some of 
these effects were readily related to certain trade-offs in our system. 
Degradation has two meanings: (1) a break-down of structures, 
and (2) a deterioration of properties. When pertaining to polymers, it 
could mean all these things plus a reduction in molecular weights. There 
are two types of polymer degradation: random degradation and chain 
depolymerization. Random degradation is the reverse of stepwise 
polymerization. Here chain scissions occur at random points along the 
chain leaving fragments usually large compared to the monomer unit. 
Chain depolymerization involves the successive release of monomer units 
from a chain end in a depropagation or unzipping reaction which is 
essentially the reverse of chain polymerization. These reactions can 
occur separately or in combination. Initiation could be caused by 
thermal, UV, oxygen, ozone or other agents. It may occur randomly at 
chain ends or weak links. 
Thermal degradation proceeds by way of random chain scission to 
produce carboxylic acids, vinyl esters, various aldehydes (aliphatic 
and aromatic), CO2 and CO. As the vinyl esters accumulate, they react 




Degradation can occur by other means: hydrolysis and aminolysis. 
PET is resistant to water, acid and bases but hydrolysis can occur 
above 100°. At this temperature, this form of degradation at 100% 
humidity is 10^ times faster than thermal degradation and 10^ times 
faster than oxidation in air. The reaction is pH dependent. A pH 
above 3 influences the process to a greater extent. Catalytic effects 
are also exhibited by organic acids and the carboxyl end groups (CEG) 
of PET. Degradation by aminolysis can occur also with amide bonds 
being formed. The processes involved are not well understood. 
A literature search focusing on degradation led to several facts 
that would prove helpful in later correlations. Several of these are as 
follows : 
1. PET degradation can be induced by photolysis, hydrolysis, 
thermolysis and aminolysis. 
2. PET degrades via an acyclic transition state involving 
chain scission.^ 
3. The following color transition is observed: white to 
yellow to brown to black,^ depending on the degree of 
thermal degradation. 
4. PET degradation can also be characterized by a loss in 
tensile strength, intrinsic viscosity, gel formation, 
crosslinking, an increase in CEG and a build up of 
rn • -, 11-14 fluorescent material. 
5. The solids produced by thermal degradation are terephthalic 






















esters with CEG's and cyclic and linear oligomers.^ 
6. A comparison of volatile degradation products of melt 
and film PET is shown below. 
Table 1. Volatile Degradation Products of Melt and Film PET. 
Mole %* 
Products CH3CHO C°2 
CO C2H2 ... 
Thermal . . 8.0 8.7 8.0 2.0 
Photo . . . 
(225-470 nm) 
30.4 62.2 
*The mole percent of the thermal degradation products are 
temperature dependent. Acetaldehyde is always the major 
product. 
7. The color causing impurities are reaction products of 
aldehydes, vinyls, and polyenaldehydes.^ 
8. Oxygen catalyzes thermal degradation.^ 
9. Crosslinking and gel formation are a consequence of oxidation 
13 ~ 14 
at high temperatures. 
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10. Heavy metal concentrations influence thermal degradation. 
RESULTS AND DISCUSSION 
Glycol Purity—Identification of UV Absorbers 
The identification of the UV absorbing impurities in recovered 
glycol was made by utilizing ultra violet spectroscopy and gas 
chromatographic (GC) techniques. 
A comparison of several kinds of EG was conducted. Careful 
attention was paid to the relative purity of each glycol type. Three 
types of glycol were compared: certified glycol (reagent grade), 
virgin glycol (as received - not previously used), and recovered glycol 
(unreacted EG taken from the continuous polymerization system and 
treated in a recovery unit). The peak positioning (wavelength of 
maximum absorbance) was found to be identical for virgin and certified 
glycols (190 and 240 nm). Virgin glycol had 54% more UV absorbance 
than certified glycol at 240 nm. The pH of virgin glycol varies from 
5 to 6 while reagent grade (certified) was found to be nearly neutral. 
Gas chromatographic scans of virgin and certified glycol samples showed 
low levels of p-dioxane and diethylene glycol (DEG) present (Table 2). 
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Table 2. Gas Chromatographie Comparisons of Reagent, Virgin and 
Recovered Glycol Samples. 
Type of Sample Retention Times (Minutes)* 
Reagent 15, 20, 30 
Virgin 1, 5, 20, 30 
Recovered 1, 3, 5, 15, 20, 30, 32 
*Below are retention times and the corresponding compounds. 





17 Adipic Acid 
20 Ethylene Glycol 
25 Idodecyl Alcohol 
30 Diethylene Glycol 
32 Phenol 
The pH of recovered glycol averaged 3 pH units lower than that 
of reagent crude glycol. Phenol was suspected of being an impurity 
in recovered glycol. The presence of phenol was confirmed by observing 
a shift in the wavelength of peaks (region of maximum absorbance) 
characteristic of phenol in a basic medium. Shifts from 210 and 
270 nm to 235 and 285 nm, respectively were noted. The UV absorbance 
of recovered glycol was pH dependent. A shift from an acidic to 
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basic solvent increased the UV absorbance by 43 percent. The entire 
region of the UV spectra from 210 - 270 nm was dominated by the 
phenol absorbances. Solvents of varying polarities (distilled water, 
ethanol, chloroform and hexane) were used to shift any hidden absorbances 
up or downfield from phenol. Ethanol, when used as a solvent, revealed 
the aromatic vibrational structure of phenol. Chloroform showed a 
terephthalate species (dimethyl-terephthalate (DMT)) to be present 
(peaks at 245 and 290 nm). The hexane solvent system verified the 
presence of both phenol and DMT in recovered glycol. Gas chromatographs 
showed greater concentrations of p-dioxane and DEG to be present in 
recovered glycol than were found in virgin and certified glycols. 
Recovered glycol had a UV absorbance ten times that of certified glycol. 
Phenol was found to be the main contributor to the UV absorbance, 
followed by acetaldehyde, esters, p-dioxane, DEG and 2-methyl-l,3- 
dioxolane. These compounds can be formed in the continuous polymerization 
system and in the recovery unit. 
Since the UV absorbing impurities were found to be phenol, esters, 
aldehydes, p-dioxane and 2-methyl-l,3-dioxolane, a control experiment 
was devised. In this control, recovered glycol was simulated using 
virgin glycol spiked with the impurities in their relative concentrations. 
Since the UV absorbance is pH dependent, the pH was adjusted to 7.4. 
The UV absorbance was measured after each impurity was added. The 
results are given in Table 3. 
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Table 3. Recovered Glycol Simulation- 
Total UV Absorbance Contribution At pH 7.4 
Type pH 7.4 pH 4.7 100 ppm 33 ppm 
Certified 650 
Virgin 920 
Virgin + Phenol, 100 ppm 3120 5510 2200 218 
Virgin + DEG, 100 ppm 3775 655 261 
Virgin + Formaldehyde 4565 790 64 
Virgin + Ethyl Aceto- 
acetate,100 ppm 4760 195 
Virgin + Dioxane,100 ppm 5150 6375 390 129 
Theoretical Absorbance of Recovered Glycol at pH 7.4 
Impurities Relative to Concentration Total UV Absorbance Relative to 
Concentration 
Virgin glycol 920 
4- Phenol, 100 ppm 2200 
+ DEG, 100 ppm 655 
+ Formaldehyde, 33 ppm 261 
+ Ethyl acetoacetate, 33 ppm 64 
+ Dioxane, 33 ppm 129 
4229 
Recovered glycol, pH 7.4 4350 
Adding the relative contribution to the total UV absorbance for each 
constituent at pH 7.4 (with respect to their contribution in recovered 
glycol), a theoretical value of 4229 was obtained for the simulated 
recovered glycol sample. Recovered glycol samples from the recovery 
unit were adjusted to pH 7.4 and the UV absorbance measured. An 
average value for the total UV absorbance was 4350. The value for the 
total UV absorbance obtained experimentally by recovered glycol 
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simulation was within 3 per cent of the average 
measuring the UV absorbance of recovered glycol 
recovery unit over a time span. 
value obtained by 
samples from the 
Sources of UV Absorbers 
The UV absorbing impurities in recovered glycol are phenol, 
acetaldehyde esters, p-dioxane and 2-methyl-l,3-dioxolane. A study 
of the sources and methods of formation of these impurities yielded 
some useful information. To obtain this information an experimental 
scheme (plan of sampling and analytical tests) was devised which would 
allow an accurate assessment to be made. Samples of crude glycol 
(unreacted, impure glycol extracted from a polymerization vessel), 
polymer, rework and EG from various locations in the glycol recovery 
unit were collected and subjected to various analytical tests. This 
scheme, coupled with a study of impurities contributed by the raw 
materials and additives use3 in the system, aided in assessing the 
problem. 
Concentrations of DEG, p-dioxane, 2-methyl-l,3-dioxolane and 
some acetaldehyde can be attributed to side reactions of EG. It is 
possible for these reactions of EG to occur in the continuous 
polymerization system or in the glycol recovery unit. In Scheme 
1-3, EG can be dehydrated in the presence of heat and catalyst to 
form acetaldehyde, DEG and water. If this reaction was responsible for 
the acetaldehyde production in the continuous polymerization system, 
the levels of acetaldehyde and DEG observed in crude glycol would be 
equal or vary by the same amount from line to line. The data indicates 
that some other reaction is predominately responsible for the production 
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of acetaldehyde in the continuous polymerization system. The only 
plausible method of acetaldehyde product would be via PET 
degradation. The production of acetaldehyde and its consequence are 
discussed later. 





HOCH2CH2OCH2CH2OH + H2O 
(2) HOCH2CH2OH H+ 0 \_y 
p-Dioxane 




Cata.1.yst > CH3CHO 
dehydration 
DEG 
+ HOCH2CH2OCH2CH2OH + H2° 
(4) HOCH2CH2OH + CH3CHO A 
2-methyl-l,3-dioxolane 
A study of the two major raw materials (terephthalic acid and 
EG) and the additives used in the system showed sixteen organic and 
ten inorganic impurities to be present. All of the organic impurities 
are UV absorbers but only one impurity (phenol, a by-product of a 
stabilizer in Hoffman rework) is present in recovered glycol. 
Concentrations of heavy metals such as copper, lead, iron, mercury and 
zinc are present and would have adestabilizing effect by catalyzing 
degradation and side reactions. Only iron is known to appear in any 
quantity in recovered glycol. These metal concentrations are compounded 
by recycling rework back into the system. 
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Various samples of crude glycol were collected from H-side (uses 
rework) and K-side (uses no rework) and their UV absorbances measured. 
Table 4 lists the results. The utilization of Hoffman rework increases 
the UV absorbance of the corresponding crude glycol. The crude samples 
were distilled to approximate the conditions present in the glycol 
recovery unit. The measured UV absorbances obtained showed no abnormal 
effects due to distillation. 
The crude glycol samples were analyzed for ester content. The 
resulting saponification values are given in Table 4. Various amounts 
of esters were formed from line to line, but the factors affecting the 
ester levels are not clear. Gas chromatographs of the crude glycol 
samples show that only the high-polymerizer crude glycol samples of 
staple line H-3 showed levels of adipic acid, phenols and isodecyl 
alcohol. This is due to the large amounts of Hoffman rework (50 per 
cent) used in the system (Table 5). 
Table 4. Crude Glycol Analysis (UV Absorbance and Saponification Values) 
Line Specification 
Total UV 



















1 0.62 TA, Glycol TMP Choline 
Sb203/Ti02 
7% Staple 430 812 5.0 0.9 - 5.7 2.2 
3 0.62 II II 50% Hoffman 6500 875 11.3 1.2 9.6 7.6 6.0 7.2 
9 0.62 II II 3 .5% Hoffman 985 1000 5.8 0.9 5.0 5.6 3.0 6.2 
13 0.62 TA, Recovered II 0 438 575 3.8 1.1 9.0 6.1 4.8 4.4 
K 
1 0.70 TA, Glycol PPA/NaOH/Choline 
Sb203 
0 320 1.9 - 6.5 3.3 5.0 3.3 
11 0.94 TA, Glycol II 0 840 662 5.0 0.9 11.1 6.1 6.0 6 
CP - Continuous Polymerization 
IV - Intrinsic Viscosity 
HP - High Polymerizer 
LP - Low Polymerizer 
Table 5. Crude Glycol Analysis and Per Cent Acetaldehyde GC Variations. 
GC Variations 
CP 













1 TMP Choline 
TiO? 
7% Staple 0.62 TA, Glycol 1.7 0.14 N N 
3 1! 50% Hoffman 0.62 II 1.9 0.14 N N 
9 II 3.5% Hoffman 0.62 II 2.5 - N N 
13 II 0 0.62 TA, Recovered 2.2 - N N 
K 
1 PPA/NaOH 0 0.70 TA, Glycol 0.31 - N N 
11 II 0 0.94 TA, Glycol 0.39 0.15 N N 
N - Normal ART (absolute retention times/mins) Group 
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An aldehyde analysis was also performed on the samples of crude 
glycol. Various levels of aldehydes (reported as percent acetaldehyde) 
were found in the samples. The aldehydes are reported as percent 
acetaldehyde because acetaldehyde is produced by the thermal degradation 
of PET. A sixfold increase in the aldehyde levels of the crude glycol 
samples was noted in the staple high polymerizer crude samples over 
those of filament (see Table 5). Also listed in Tables 4 and 5 are the 
intrinsic viscosity, rework level, raw materials from line to line. 
These show that the polyphosphoric acid/sodium hydroxide additives 
system could possibly reduce the levels of acetaldehyde production. 
Glycol samples were taken at strategic locations within the 
glycol recovery unit. Ultra violet spectroscopic and GC analysis of 
the samples yielded little information. An ester analysis showed 
an increase in ester content between the water stripper and DEG 
separation column. 
UV Absorbing Impurities and Polymer Color 
The UV absorbing impurities in recovered glycol and their sources 
are: (1) phenol (a by-product of a stabilizer in Hoffman rework), (2) 
DEG, p-dioxane and 2-methyl-l,3-dioxolane (side reactions of EG), and 
(3) acetaldehyde (a degradation product of PET). Other impurities, 
such as titanium dioxide (found in rework) and heavy metals like iron, 
are contributed by raw materials and additives. Phenols, acetaldehyde 
and heavy metals are the only impurities which could affect polymer 
color. Concentrations of DEG, p-dioxane and 2-methyl-l,3-dioxolane 
would only affect polymer melting points and tensile properties. 
However, the formation of these three compounds is inhibited to some 
extent by controlling the pH of the EG before it enters the continuous 
polymerization system. Hence, phenol, acetaldehyde and heavy metals 
can be identified as contributors to polymer yellowness. 
As was indicated earlier (Table 4), much larger concentrations 
of acetaldehyde were found in the lines using rework, which means 
that more PET is being degraded here. Both Hoffman rework and recovered 
glycol contain phenol and he*3vy metals. Rework contains titanium 
dioxide, iron, catalyst (reduced form-Sb and Sb2Û3) , phosphorus and 
other metals. Only iron was tested for and found in recovered glycol. 
Concentrations of heavy metals are known to catalyze PET degradat¬ 
ion. Large levels of phenols contribute to polymer degradation 
by lowering the pH. Oxygen, a well known catalyst for degradation 
(it lowers the activation energy), is also a factor in this system. 
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The agitated polymer melts are constantly exposed to atmospheric 
oxygen at the entry points of recycled solid waste. Several experiments 
were conducted to substantiate these effects in the system. 
A PET degradation scheme was drawn up to show how acetaldehyde 
causes polymer yellowness. Experiments were conducted first to test 
(1) the degradation rates of polymer made with rework (H-side) against 
that made without rework (K-side), and (2) phenol levels in polymer. 
Attempts were made at isolating and identifying the chromophore 
responsible for polymer yellowing. Extraction, recrystallization, 
and IR and UV techniques were utilized in this study. A functional 
group analysis for CEG was conducted to further verify degradation as 
a factor in polymer yellowing. Several experiments were also conducted 
to determine the effects of virgin glycol, recovered glycol and their 
aldehyde levels on polymer degradation. 
Thermal degradation of PET, catalyzed by oxygen, phenols, and 
heavy metal concentrations produces acetaldehyde which is a precursor 
to polymer yellowing. A scheme was thus developed to explain 
degradation and how it affects polymer color. The PET degradative 
scheme is shown in Scheme II. Reactions II-(2), II-(3), and II-(4) 
are most important when dealing with the color problem. Reaction 
II-(9), according to Zimmerman,^ forms color via unsaturated 
polyvinyl esters. Reactions II— (2) and II-(3), according to Goodings,^ 
form a chromophore called polyenaldehyde by an acetaldehyde reaction. 
It is reasonable to assume that both mechanisms occur, but the 
specific polymerization conditions determine which one predominates. 







PET + H20 
PET + CO. 
j (4) 2 CEG 
I A 







S*PET + Acetaldehyde 
(5) 
(3) 
ACEG + Vinyls 
Dehydration 
(8) Vinyl Polymer 
Anhydride 
+ V 
H 0 CEG + Polyene 
2 
^ Anhydride + Acetaldehyde -i=4£â£»! 
inert vinyls + inert Aldepydic - 
ends ends 
HEG - Hydroxyl End Group 





The systems involving rework probably favor the occurrence of reactions 
ll-(l) - 11— (3) which are catalyzed by heavy metals. 
The scheme also shows that reaction II-(3) can be inhibited by 
expelling as much acetaldehyde as possible, preventing color forming 
reactions. Reaction II-(3) can be somewhat inhibited by adding 
hydroxyl end groups. The vinyls would react to form CEG's, PET and 
less acetaldehyde. This would result in an increase in CEG levels 
and CEG's and hydroxyl end groups would react to form PET and water. 
To determine the effects of rework or polymer degradation rates, 
polymer samples from lines using rework (H-1,-3,-9 and -13) and non¬ 
rework lines (K-l and -11) were used. Equal amounts of each sample 
were subjected to glycolysis (degraded in the presence of glycol at 
190°) for equal time periods. Ultra-violet spectroscopy was used as 
a measuring tool. A characteristic peak at 240 nm of the resulting 
glycol-polymer mixture was used to compare the degradation rates of the 
samples. The results, given in Table 5, indicate a higher degradation 
rate for rework line than for those without rework (UV absorbance 
intensitymeasured at 240 nm). The UV absorbance spectra of H-3,-9 
and -13 also indicated the presence of phenol (Table 6), which could 
only be coming from the polymer samples. The higher phenol levels 
of H-13, made with 100 per cent recovered glycol, could mean that 
this phenol originally reacted to form products that are easily 
degraded to reformed phenol, while for Hoffman rework a phenolic 
product is formed which degrades little or produces product other 
than phenol. These findings are significant since it was previously 
21 
Table 6. Polymer Analysis. 











(UV Abs 240 nm) 
H 
1 22 0 58 
3 25 25 80 
9 24 35 104 
13 22 50 120 
K 
1 0 48 




Hof fman 18 
’’‘Continuous Polymerization 
**Carboxyl end group 
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thought that all of the phenols involved in the continuous 
polymerization system were expelled. The presence of phenol also 
lends more credence to the theory of phenols influencing degradation. 
The presence of phenols in the polymer also increases the chances of 
color formation because phenolic compounds are known 
chromophores. Also, as reaction Scheme III indicates, reactions 
such as phenol oxidation and phenol-aldehyde condensation could 
possibly take place in the system. 
Scheme III. Phenol Oxidation and Phenol-Aldehyde Condensation Reactions 
1. Phenol Oxidation 
p - Benzoquinone 
(yellow product) 
2. Phenol-Aldehyde Condensation 
A set of experiments was designed to determine the effects that 
recovered glycol, virgin glycol and aldehyde levels would have on 
polymer degradation. As described earlier, UV spectroscopy was used 
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as a measuring tool. In this study only K-l polymer was used because 
of its superior polymer qualities. The samples were degraded with 
recovered glycol at 190° for 5 hours. Controls were conducted using 
virgin glycol and virgin and recovered glycol with a 10 per cent 
formaldehyde spike. In the experiment with a formaldehyde spike, a 
degradation rate 1.5 times that in virgin glycol was found. The 
experiment utilizing recovered glycol with a 10 per cent formaldehyde 
spike showed 4.3 times the degradation as was obtained in the 
experiment with received glycol only, and 3.4 times more degradation 
than the experiment using virgin glycol plus a 10 per cent formaldehyde 
spike. The polymer degradation rates were noticeably influenced by 
recovered glycol and aldehyde levels. Since recovered glycol 
contains phenol and iron, and has a lower pH, these could also effect 
degradation. However, the effects in recovered glycol of metals other 
than the iron are not known. 
The yellowed degraded polymer samples from the previous experiments 
were analyzed using IR and UV spectroscopy. These attempts at 
identifying the yellowing chromophore were unsuccessful. As a 
precautionary measure, the original polymer and rework samples were 
analyzed using IR and UV spectroscopy. The spectra of the rework 
samples (Hoffman and Staple) showed peaks at 3300 cm ^ (indicating 
hydroxyl activity), 2050 cm--*- and 1950 cm ^ (indicating acid and 
anhydride formation). Polymer samples were thermally degraded and 
their IR spectra were obtained for comparison. In the degraded 
samples, the peaks indicating degradation (3300 cm~l, 2050 cm--'- and 
1950 cm--*-) were found. These results are listed in Table 7. 
Table 7. Infra-red Data-Polymer, Rework and Degradation Products.* 
Aliphatic 





 C-0 C-0 C-0 C-0 
H-l 3400 2900 1700 1250 1100 740 710 
H-13 3400 2900 1700 740 700 
H-3 3100 1700 750 
K-l 3400 750 
K-ll 3400 2900 730 
H-9 3400 2900 
Thermal 
Degradation 
Hoffman Rework 1650 1200 700 
Hoffman 14 hrs 3300 2900 1650 1230 1050 700 
Hoffman 29 hrs 3300 2200 1650 1200 740 
Staple 3300 1650 1230 1070 740 700 
Staple 8h hrs 3300 1700 1200 1000 740 700 
Staple 29 hrs 3300 1650 1250 1100 740 720 
Staple 8.5 hrs 3400-3100 1650 1230 1070 700 
H-l (8% hrs) 3300 2800 1900 1650 1220 1000 850 700 
K-l (14 hrs) 3300 2900 1950 * 
H-13 (14 hrs) 3300 2200 1950 820 700 
H-3 (8*2 hrs) 3300-2800 1680 1200 900 700 
K-ll (14 hrs) 3300 2050 1900 * 
Glycolysis 
K-l 3400-3100 1200 1030 740 700 
H-13 3400-3200/2950 2500 1950 1700 1250 1100 750 720 
H-3 3400-3200 1900 1650D 1250 1100 850 720 
K-ll 3400-2800 1900 1700 1250 HOOD 850 740 710 
*Broad features 
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To further establish degradation as an overriding side reaction, a CEG 
analysis was performed on all polymer, rework, and thermally degraded 
samples (see Table 6). It should be noted that a CEG inhibitor was 
used in one of the lines so that substantial quantities of this 
inhibitor would appear in the Hoffman rework. Even with the inhibitor, 
the rework values are still comparable to non-rework lines. Considering 
that the inhibitor is only partially effective, the actual rework values 
are much higher, thereby indicating greater degradation. 
EXPERIMENTAL 
Early in this study it was decided that the UV absorbing 
impurities (some of which are formed in the continuous polymerization 
system) found in recovered glycol could quite possibly be responsible 
for increasing yellowness in polymer. This trend of thought lead to 
a large scale program of sampling and analysis. Various HP and LP 
receiver liquid, polymer and rework samples were collected. A variety 
of continuous polymerization lines from staple and filament were 
sampled, offering just enough variables so that an accurate assessment 
could be made of what effect various UV absorbers would have on polymer 
color. A variety of tests were conducted on the samples. These tests 
and experiments yielded much useful information and led eventually to 
PET degradation products and phenols as being the principle UV absorbers, 
lie color problem as related to recovered glycol and rework was found to 
be complex and dependent upon several variables previously discussed. 
The relative amounts of UV absorbers present in recovered glycol were 
simulated in lab experiments using Virgin glycol. 
Several continuous polymerization lines were sampled from filament 
and staple. These lines offered the necessary cross-section of 
variables to allow correlation between UV absorbers and polymer color. 
Aldehyde Determination.—The aldehyde content was obtained by 
using functional group analysis. A colorimetric method for determining 
carbonyl compounds utilizing 2,4-dinitrophenylhydrazine was used. 
The reagents used were carbonyl free methanol, 33% KOH in 
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methanol, pyridine, pyridine stabilizers (80:20 pyrldine/water solution) 
and 2,4-dinitrophenylhydrazine (DNph) solution (50 gm of 2,4-DNph) in a 
50 ml volumetric flask brought to volume with 25 ml of methanol and 2 ml 
concentrated HC1 and distilled H^O. 
The procedure involved the pipetting of 2 ml of each sample into 
a stoppered flask and the following steps were then executed: 
1. 2 ml of 2,4-DNph were added and allowed to react for 30 min. 
2. 10 ml of pyridine stabilizer were added. 
3. 3 ml of KOH solution were added. 
4. the absorbance was measured at 480 nm 10 min after KOH 
was added. 
A Spectronic 20 was used to measure absorbance. The characteristic 
color is a wine red. A methanol blank was prepared in the same manner. 
The standards were prepared in the same manner with the concentrations 
dependent on the sample. A graph of absorbance vs. ppm acetaldehyde 
was obtained. 
The Determination of Ester Value (Saponification Value).—The 
sample is allowed to react with a known amount of KOH. The amount of 
esters present is determined by the back-titration of excess base 
(amount not consumed in reaction) with a mineral acid (HC1). A 
suitable correction is applied for the acidity of the sample. Possible 
sources of error are organic chlorides, nitriles, and amides which 
may be hydrolyzed. Ketones interfere slightly. Aldehydes consume some 
base but the error is slight. 
The apparatus used was regular titrimetric equipment: burets, 
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pipets, 0.1N KOH, O.IN standard HC1, distilled Il^O, thermometer, and 
phenolphthalein indicator. 
Five 250 ml stoppered volumetric flasks were used. A 25 ml 
aliquot of KOH was introduced to each flask and 1 ml of sample was 
introduced. The weight of 1 ml of the sample was determined. The 
flasks are then stoppered and allowed to react for 30 min. The samples 
used varied from 1.3 to 2.1 gm. Excess base was titrated at the 
end of 30 rain with HC1. A temperature correction was applied where 
necessary. Below is a formula for calculating percent saponification 
for the glycol samples. 
Ester % = (B-A) (nxF)/w x 100 
A = ml of HC1 required to titrate sample 
B = average ml of HC1 required to titrate blanks 
n = normality of HC1 
F = specified ester factor 
w = gram of sample 
Extractions.—Extractions were tried utilizing several methods 
including liquid-solid extractions with a soxhlet extractor. 
Recrystallization was also tried. 
It was hoped that these methods would aid in a complete separation 
of yellow-brown coloring matter from the polymer itself. In every 
experiment, yarn from H-3 staple with 50% Hoffman rework (the most 
badly colored) yarn was used. Soxhlet extractions utilizing ethanol 
periodically for 30 hrs yielded no results. Other extraction techniques 
utilizing chloroform and ethanol showed no results although chloroform 
did show some tendency to very slightly dissolve a little of the sample 
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after long periods of contact. Scans showed nothing unusual. 
Some degraded sample was slightly soluble in CHCl^ or DCA 
(dichloracetic acid). Scans gave little clues to any foreign color 
former. Recrystallization using CHCl^, H^O and MeOH as precipitating 
agents showed that the coloring is part of the polymer chain or 
directly connected to the backbone. 
UV-Visible Scans of Degradation Products.—Several reagents were 
screened as possible solvents for degraded polymer samples. Out of 
several possibilities, dichloroacetic acid combination emerged as 
being a suitable solvent. The chloroform/DCA ratio was 5:1. This 
combination offered limited absorbance in the UV but excellent 
transparency in the visible region. 
Various amounts of the samples were dissolved in 1 ml of DCA 
and then diluted to 5 ml with chloroform. Scans were taken using a 
Hitachi UV - Vis spectrometer. A blank of DCA/CHCl^ was used. 
UV-Vis Scan of Yarn Samples.—Yarn samples had been collected 
from H-l, H-3, H-9, H-13, K-l and K-ll as described earlier. The 
finish was removed from the H-lines with methanol. 
A suitable solvent for obtaining a UV - Vis scan is 
hexafluoroisopropanol (HFIP). A 0.1 gm sample of fiber from each line 
was dissolved in 1 ml of HFIP and diluted to 10 ml with chloroform. 
The scans were obtained with a Baush and bomb 505 using 1 cm 
quartz cells. A blank of HFIP/CHCl^ was used. The ordinate is 
absorbance. The UV range was 300-500 nm and the visible range was 
400-700 nm. 
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IR - Experimental 
Infrared spectroscopy was used to obtain scans of the following 
yarn samples collected: H-l, H-3, H-9, H-13, K-l and K-ll. Impurities 
can be detected by IR readily in concentrations of 1% or more. Highly 
absorbing compounds in a nonabsorbing solvent can be detected in 
concentrations down to 0.01%. 
Fisher potassium bromide crystals (KBr) were dried overnight and 
then were hand ground using an agate mortar and pestle. The particles 
were ground as small as possible to a uniform size. The PET yarn 
sample after having the finish removed with methanol and dried was then 
cut into very small pieces. The pieces were mixed with the KBr powder 
in a ratio of 1:100 and reground. The mixture was then pelletized in 
a die at a pressure of more than 2000 lb/sq. in. Later it was 
discovered that better scans were obtained using minipress from Wilks 
Scientific. 
IR Scans of Degradation and Glycolysis Experiments.—In most 
instances the product obtained from the thermal degradation and 
glycolysis experiments were easily prepared for IR scanning. The 
glycolysis samples were dried in a oven for several hrs to remove any 
remaining traces of EG. Potassium bromide crystals were hand ground 
and then dried overnight in a oven. The samples were then ground 
with an agate mortar and pestle. The ground KBr was then added in a 
ratio of 1:100. The mixture was again reground to add uniformity. 
The samples were then pelletized using a minipress from Wilks Scientific. 
IR scans were obtained using a Perkin-Elmer 360. A KBr reference was used. 
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Glycolysis.—Glycolysis consists of refluxing or, in this present 
instance, reacting received EG for about 5 hrs with a yarn sample. An 
electrically heated distillation unit was used so that any volatile 
products could be monitored. 
During this process, the first reaction to take place was 
probably an esterification of any available CEGs. As the temperature 
becomes higher, approaching 190°, the EG begins to distill off. The 
yarn samples were treated for 5 hrs at 190°, during which time 
degradation occurred. This process was used to obtain any information 
about the colored impurity of polymer. It was hoped that enough of 
the impurity could be separated from the polymer itself to be identified. 
All samples were run including Hoffman and staple rework. 
Degradation Products Solubility and Scans.—Scans were taken of 
degraded polymer samples (thermolysis and glycolysis products). 
Visible scans were obtained using the DCA-CHC^ mixture. This mixture 
was carefully scanned and yielded no signs of any impurity foreign to 
the polymer chain. Scans from 200-750 nra were obtained. Signs of 
sandoz, an optical brightenerappearing at 380 nm, and TiÛ2 were 
observed in the samples known to contain them. No other irregularity 
was found. 
Gas Chromatography.—Basic spiking and enrichment techniques 
were used. The parameters that were varied to obtain better resolution 
were program rate (20°, 15°, 6° and 4°/min), temperature range 50° 
and 100-200°, program starting (to improve later peaks), post injection 
hold (controlling isothermal period prior to beginning programming and 
32 
attenuation). At ordinary program rates (20-150/cm), lights came off 
at attenuation 1, ^0-64, 1-unknown, EG 64 and DEG 1. 
Distillation.—The same distillation set up as previously described 
was used. The electrically heated unit allowed the temperature to be 
regulated. Three distillation cuts were collected. Scans were taken 
of all cuts. The temperature was allowed to reach 110-120° and was 
allowed to remain there for 1 hr. The 1st cut (5 ml) was then collected 
during this hr and scanned. The temperature was allowed to remain within 
the same range and another 5 ml was collected (2nd cut) and scanned. 
These two cuts consisted of glycol, low boilers, aldehydes, esters and 
simple alcohols. The temperature was then adjusted to 190° and 30 ml 
of distillate was collected unscanned. 
Simulation of Recovered Glycol.—The impurities in recovered 
glycol were determined by utilizing various instruments. Several 
1-9 Fiber Industries Incorporated reports were helpful also. To 
check these results, lab simulated samples were made. The UV absorbance 
was measured and a total UV absorbance value obtained by area integration. 
Each impurity was in a concentration of 33 ppm. The different compounds 
had different extinction coefficients. The four impurities were phenol, 
DEG, formaldehyde (used to replace acetaldehyde), ethyl acetoacetate 
and dioxane. Careful attention was paid to pH because of its overriding 
affects that were discovered earlier. Two pH values were used 
throughout: 7.4 and 4.7. 
CONCLUSIONS 
The experiments with certified, received and recovered glycols 
yielded some very interesting information. The peak positions of 
certified and received glycols are nearly identical. The major 
difference between the two is that received glycol contains 54% more 
UV absorbance at 240 am. Recovered glycol averages 3 pH units lower 
than certified and received glycols. The peak positioning and 
absorbance is affected by the pH of samples. 
Recovered glycol was found to contain DEG, esters, acetaldehyde 
and phenol. The recovered glycol showed phenol as the major impurity 
with acetaldehyde appearing next in importance. Phenol absorbance 
obscured the UV scans from 200-270 nm such that no other determinations 
were possible in this region. Note that an observed increase in UV 
absorbance around 200 nm when phenol is present would not necessarily 
point to a possible polymer color correlation. Even with proper pH 
documentation little information could be obtained, mainly because the 
phenol absorbance controls the entire region from 210-275 nm and its 
UV absorbance is pH dependent. Fluctuations in acetaldehyde 
concentration are quite possible, depending on the number of rework 
lines operating. 
Tests showed that PET degradation is an overriding factor 
influencing PET color. PET degradation is catalyzed by phenols and 
metal concentrations in rework as well as general rework condition. 
Oxygen also acts as a catalyst since the recycling process is open to 
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the atmosphere. The phenols and aldehydes in recovered glycol have 
similar effects. Phenols lower pH and catalyze degradation while 
aldehydes are active in reaction with PET, resulting in yellow polymer. 
The polymer and solid waste analysis revealed that polymer made with 
solid waste (rework) contains various levels of phenolic compounds 
while polymer made with recovered glycol contains free phenol. 
Since the UV absorbance of recovered glycol is pH dependent, it 
is recommended that the pH of all recovered glycol samples be adjusted 
to some standard value (i.e., 7.0) before measuring the UV absorbance. 
Measuring the UV absorbance from 200-220 nm would only show fluctuating 
phenol concentrations. 
Several suggestions for extensions of this work can be made. 
First, it may be of interest to study the effect of filament additives 
on the acetaldehyde levels and secondly, more efficient methods of 
expelling acetaldehyde may have to be devised. A possible way to 
minimize the degradative effects of oxygen could be setting up a nitrogen 
purge at rework entry. Addition of a bifunctional compound, as a 
source of hydroxyl end groups, could help to control the levels of the 
color producing vinyls. A study can also be conducted to see the 
effect of boric acid, triphenyl phosphate and triphenyl phosphite on 
melt stability. 
REFERENCES 
References 1-9 are internal reports from Fiber Industries 
Incorporated (FII) and Imperial Chemical Industries (ICI). 
1. F. B. Reid, FII Report //FBR-4-66, Fiber Industries, Inc., 
January 5, 1966. 
2. D. H. Boland, FII Report //DHB-40-66, September 10, 1966. 
3. F. B. Reid, FII Report //FBR-74-66, January 22, 1966. 
4. H. A. Robinson, FII Report //HAR-26-67, March 8, 1967. 
5. J. R. Parrish, FII Report //JRP-76-67 , April 18, 1967. 
6. G. Dobson and R. B. Rashbrook, ICI Report; 544/68, Imperial 
Chemical Industries, 1968. 
7. R. W. Clemens, FII Report //RWC-12-76, March 5, 1976. 
8. J. A. Roderiguez, FII Report //JAR-51-73, November 20, 1973. 
9. R. W. Clemens, FII Report //RWC-3-76, February 4, 1976. 
10. L. Baxbaum, Angew. Chem. Intern. , 7_, 3 (1968). 
11. M. Day and D. M. Wiles, Journal of Applied Polymer Science, 16, 
1 (1972). “ 
12. P. A. Spaninger, Journal of Polymer Science, Polymer Chemistry 
Edition 12, 709 (1974). 
13. D. L. Nealy and L. Adams, ibid., _9, 2063 (1971). 
14. K. Yoda, A. Tsu Boi, M. Wada and J. Yamadera, J. of Applied 
Polymer Science, 14, 357 (1970). 
15. H. Zimmermann, Kl. Chem. Geol. Biol., _3, 19 (1965). 
16. M. Day and D. M. Wiles, Journal of Applied Polymer Science, 16, 
203 (1972). 
17. E. Schnaf and H. Zimmermann, Faser Porschuns and Texiltechnik, 
25, 434 (1974). 
35 
